Abstract-A transient finite-element model has been presented to simulate extracellular potential stimulating in a neural tissue by a nonplanar microelectrode array (MEA). This model allows simulating the extracellular potential and transmembrane voltage by means of a single transient computation performed within single finite element (FE) software. The differential effects of the configuration and position of MEA in electrical extracellular stimulation are analyzed theoretically. 3-D models of single nerve fiber and different MEA are used for the computation of the stimulation induced field potential, whereas a cable model of a nerve fibre is used for the calculation of the transmembrane voltage of the nerve fiber. The position of MEA and the spacing of the microelectrodes are varied while mono-, bi-, tri-, and penta-polar MEAs are applied. The model predicts that the lowest stimulation voltage threshold is obtained in the stimulation with penta-polar MEA. Moreover, the relationships, which exist between the thresholds of the electrical extracellular stimulation and the parameters including position of the electrode array and the spacing of the microelectrodes in array, are studied and obtained.
INTRODUCTION
Electrical extracellular stimulation (EES) of a central nervous system has been used empirically for several decades by electrophysiologists to explore fundamental properties of neural networks. Currently, peripheral nerve, deep brain, and spinal cord stimulation paradigms are also used routinely for clinical restoration of lost motor function [1] and treatments of neurological disorders such as neuropathic pain [2] , movement disorders, Parkinson disease [3] , or epilepsy [4] . These healing strategies mainly use macroscopic implanted electrodes of several square millimeter to stimulate large regions of the central nervous system. More recently, microstimulation, which makes use of electrodes on the micron scale, is gaining increasing interest in both fundamental and clinical research, opening the possibility to stimulate small groups of neurons instead of large regions. For more than 35 years, MEAs provide a useful tool for neuroscientists to study the activity of large neuronal networks at a precision of single-cell activity, filling the gap between large-scale neural bioelectrical monitoring, such as electro-or magneto-encephalography measurements, and single-cell measurements, such as patch clamp techniques [5] [6] [7] . Microelectronic neural bridge, which includes microelectronic system and MEAcuff array, was presented to connect the injured spinal cord to restore the perception and motor function of the spinal cord injury patients [8] . From the point of the view, MEAs are the focus of intensive developments [9] [10] [11] [12] . These in vitro or in vivo microsystems increasingly benefit fundamental neuroscience aiming at understanding activity-dependent plasticity of neural networks, as well as clinical developments of efficient neural implants or prostheses.
Many EES obtained with MEAs have been reported, showing a great diversity of results [13] [14] [15] . However, despite a large body of literature on the EES, there is still a lack of knowledge on how an EES is related to the much better known transmembrane action voltage, and how to design the microelectrodes to stimulate, at best, the bioelectric activities. On the other hands, as reported recently, the activating of single neuron may strongly impact the activity of a large neural networks and even behavior [21, 22] . For this reason, determining optimal electrode configurations for efficient stimulation of a single neuron is the focus of current developments based on modeling approaches [23] [24] [25] [26] , where compartimentalized neurons are stimulated by modeled extracellular potential fields. The potential fields are calculated by solving the homogeneous partial differential equations under appropriate boundary conditions. Solutions to this problem can be derived analytically when the volume geometry and electrode configuration are simple [27] [28] [29] [30] [31] . However, when realistic geometries are considered, numerical simulations are required, such as finite element (FE) or finite difference models [24, [32] [33] [34] [35] .
The FE modeling studies have been dedicated to the understanding of electrical microstimulation of a single neuron using MEAs [36, 37] or neural tissues [38] [39] [40] , opening the way to the design of MEA-based neural prosthesis. Although they allow the simulation of complex 3-D microelectrode structure, these models cannot compute the bioelectrical activity of the neuron and the distribution of the electromagnetic field in the tissue in and out of the neuron at the same time. Normally, the geometry of the volume conductor such as the tissue in or around the neuron is implemented in an FE software, for example ANSYS or COMSOL. Then, a sophisticated model of the membrane biophysics, including voltage-dependent ionic currents, is implemented in the other transient response software, for instance NEURON or MATLAB. Recently, a new 3-D Finite-element model for MEA recording of extracellular action potential was presented. The approach is based on the thin-film approximation, which allows simulating the extracellular potential by means of a single transient computation, performed within a single FE software [41] . However, realistic extracellular stimulation means was not used in it.
The aim of the present study is twofold: First, a finite element model is validated for the realistic computation of the EES, and, second, it is studied how the configuration and position of the MEA affect the threshold for EES. This paper is thus divided into three parts. In the first part, a finite element model is developed for the calculation of the stimulated potential field incorporating the transmembrane voltage of the neuron membrane through nonlinear ordinary differential equations (ODEs) described by Hodgkin and Huxley(HH) [42] . In the second part of the paper, this model is used to evaluate the threshold of the EES for a straight fiber induced by four types of MEAs, i.e., mono-, bi-, tri-, and penta-polar arrays. Finally, the influences of the space between the microelectrodes in the array and the position of the MEA on the action potential stimulation are evaluated.
METHODS
The model of the EES presented here is a tool for studying the relationship between the transmembrane action voltage and extracellular stimulating potential, applied by means of an MEA in the extracellular medium. The computational model consists three main components: the electrical volume conductor (composed of the intracellular and extracellular media), the active neuron membrane, and the stimulating MEA.
Parametrical Geometry
A parametrical representation of the geometry of the neuron electrode interface in Figure 1 will be used. The neuron is represented by a 20-µm diameter spherical soma, a 10-µm-long hillock, with diameter tapering from 4 to 1 micron, and a 500-µm-long axon, both with 1-µm diameter. These dimensions are chosen in accordance with the neuron described by Mainen et al. [43] . The cone style is roughly approximate to a normally used nonplanar electrodes [14] [15] [16] [17] [18] [19] [20] . Its tip angles are approximately 20 degree. The diameter of the base of the electrode and the height of each electrode is approximately 25 and 50 µm, respectively. The microelectrodes are positioned with a distance D c2e on one side of the neuron. Mono-, bi-, tri-, and penta-polar MEAs are used. Each of them is composed of two kinds of microelectrodes: One is for stimulating and the others are grounded. The nervous tissue is represented by a 500-µm diameter and 2500-µm height cylindrical volume in Figure 1 . The unique active neuron is in the center of the cylinder internal volume. The foregoing geometrical and electrical parameters are used throughout this paper. With the variation of the configuration and position of the microelectrode and the spacing between the microelectrodes of an array, the stimulating thresholds will be diverse and the effect of the stimulation will be compared.
Electrical Volume Conductor
The equations governing the behavior of the current and potential in the volume conductors are the Maxwell's equations. These equations can be simplified because considering the size of the neuron structures and the time scale of the action potential, the instantaneous diffusion of magnetic field can be assumed [44] . Finally, Maxwell's equations can be replaced by the sole current conservation equation
where ϕ, ε, and σ are the electrical potential, medium permittivity, and the medium conductivity, respectively. The intracellular and extracellular media are considered as purely resistive, homogeneous, and isotropic [32, 45] . The equation can also be written as
The value assigned to the extracellular conductivity is 0.3 S/m [45, 46] and the value assigned to the intracellular conductivity is 3 S/m [42] . The extracellular and intracellular permittivity are both 7.1 × 10 −10 AS/Vm.
The boundary condition of the model is that the potential on the outer boundary of the FE domain equals to zero since the fiber and the MEA in the center of the computational domain is very far from the outer boundary.
Thin-film Approximation of the Neuron Membrane
A neuron is an excitable cell that can be described as a semipermeable membrane with active, nonlinear, and inhomogeneous electrical properties, which separates the intracellular medium from the extracellular one.
The neuronal membrane, being only a few nanometers thick, is very thin compared to the other typical dimensions which are in the micrometer range and above (e.g., neuron, microelectrode, etc.). This is troublesome for an FE implementation as meshing the membrane volume would result in unrealistic requirements in terms of computer processing power and memory resources. The thin-film approximation method is useful to get over this problem by avoiding the meshing of the membrane thickness [41] . It splitted the whole computational domain into two distinct meshed domains coupled through Neumann boundary conditions. The neuron membrane was thus replaced by the interface between the intracellular and extracellular spaces, where the Neumann boundary conditions, i.e., Equation (2a) and Equation (2b), are applied at the intracellular and the extracellular sides of the interface, respectively.
where i m and v m are the transmembrane action current density and voltage, respectively. The present convention, where the transmembrane voltage is equal to the intracellular potential minus the extracellular potential, is adopted. Equation (2) make use of a model describing the transient relationship that couples the transmembrane potential and current density. The thin-film approximation is valid in any geometry under the assumptions that the membrane is negligibly thin and that the current flows perpendicularly through it. The transmembrane current density i m can be determined by the classical semi-empirical set of nonlinear ODEs described by Hodgkin and Huxley (HH) [42] . It is expressed as the sum of the capacitive current (i C ), the ionic sodium (i Na ), the potassium current (i K ), and the leakage current densities (i L ), i.e.,
The expressions of i C , i Na , i K , and i L are
where C m is the membrane-specific capacitance,ḡ Na ,ḡ K , andḡ L are the maximum ionic conductance density of sodium, potassium, and leakage ionic channels, respectively. Dimensionless ionic channel gating variables m, n, and h are computed using following ODE. Table 1 .
The maximum potassium and sodium conductance densities of the hillock and initial segment were exactly set to ten times the standard value in order to account for the larger concentrations of voltage-gated ionic channels in these structures and their greater excitability [41] . These values are set arbitrarily in order to ensure the spike initiation in the hillock-initial segment area. A ratio of ten between the potassium and sodium conductance densities in the soma and in the hillock-initial segment is in the range used by Claverol-Tinture and Pine [47] . In summary, the whole model, strictly speaking, consists of two separated FE domains. The first one includes intracellular medium and the neuron membrane. The governing equation is (1) and the boundary condition is (2a). On the other hand, the extracellular medium, the MEA, the neuron membrane, and the outer boundary compose the second FE domain. The governing equation is (1) and the boundary conditions are (2b) and ϕ = 0, respectively. Both domains are coupled by Equation (2).
Finite-element Simulation
Four types of MEAs, i.e., mono-, bi-, tri-, and penta-polar MEAs, are used to study the relationship between the configuration of the MEA and the stimulating threshold. Furthermore, the position of the arrays is changed to confirm the validity of the conclusion. Three sets of parameters in Table 2 are used in the simulation. On the other hand, the space between the stimulating electrode and the grounded one D e2e is also a major design parameter of array own. Its effect on the threshold is also studied. Besides the configuration and the spacing, the position of the MEA, which is defined by two parameters D O2o and D c2e , will also affect the stimulating threshold. The former is the distance between the center of the axon (marked by O) and the center between the stimulating electrode and its nether grounded one (marked by o). Given that the axis of the axon parallels the line determined by two centers of electrode tip surfaces, the distance between the axon and the microelectrode is defined as the spacing between the axis and such line. In Figure 2 and Table 2 -4, the parameters of all modeled geometries are firstly illustrated and then summarized. Simulation of extracellular stimulation was performed by application of a 52-ms voltage square pulse including a 1-ms rising edge and a 1-ms falling one through the extracellular electrode node.
The finite-element method (FEM) is well adapted to the solution of elliptic partial differential equations, such as the current conservation described by Equation (1), in complex 3-D geometries and when nonlinear phenomena occur. The computational domain is meshed with tetrahedral quadratic Lagrange finite elements. The reference mesh used in this study was comprised of approximately 10,000 elements and 25,000 degrees of freedom. The mesh was locally Two action potential, simulated by placing the neuron in the 250-µm radius, 2500-µm height volume conductor or in a larger 300-µm radius, 3000-µm height volume conductor, are almost indistinguishable (2.2% difference between the peak values and 5% delay), which has been illustrated in Figure 3 .
RESULT
Firstly, the results in this section validate the feasibility of the presented neuron model. Then, the results show the influence of the configuration of the MEA on the excitation thresholds. Finally, the influences of three geometric parameters of the MEA, space between the microelectrodes, position of the array along the axon, and the distance between the axon and the array, on the stimulating thresholds are illustrated.
Validation of the Neuron Model
In order to validating the presented model including thin-film approximation of the neuron membrane, a simple example, which initial intracellular potential is set to 15 mV above the intracellular resting potential to trigger a transmembrane action voltage, is calculated in advance.
The transmembrane action voltage and current obtained while solving foregoing three-dimensional FE model are compared with those obtained with the similar neuron model implemented in [41] . The two simulations provide almost identical results in terms of waveform and amplitude for the transmembrane action voltage and current (Figure 4 ).
Influence of the Configuration of MEA
Each of transmembrane voltage induced by five extracellular stimulating potentials is calculated to evaluate the threshold potential which can cause action potential for the mono-polar configuration. 
Influence of the Spacing D e2e
The ranges of D e2e in Figure 8 are 15 µm to 175 µm, with a spacing of 10 or 20 µm. The distance D c2e = 1 µm and 5 µm are used. The parameters used in the numerical trial are shown in Table 3 . In Figure 8 , the results show that the thresholds under different spacing almost equal to a constant. To be exact, fibre thresholds V t have just a little higher values when D e2e is larger. 
Influence of Distance D O2o
The D O2o is varied from 30 to 280 µm and the other parameters with D c2e = 15 µm and D e2e = 95 µm are used, which is shown in Table 4 .
The relationship between the position of the stimulating electrode and the relative parameter D O2o is shown by arrows. The curve for threshold V t versus D O2o has been illustrated in Figure 9 . The lowest threshold appears when the stimulating electrode exactly points to the center of the soma. Furthermore, all the thresholds in the range of a domain including soma, hillock, and initial segment are lower than the others. Figure 9 .
Relationship between the distance D O2o and the extracellular stimulating threshold.
Influence of the Distance D c2e
D c2e is varied from 1 to 50 µm and the parameters with D e2e = 95 µm and D O2o = 190 µm are used, which is listed in Table 4 . The relation between the V t and D c2e is shown in Figure 10 . During the distance Figure 10 .
Relationship between the distance D c2e and the extracesomallular stimulating threshold. D c2e increases, the threshold decreases nearly linearly at first and then exponentially.
DISCUSSION
This simulation study shows how microelectrode configuration and position influence the excitation threshold.
The first goal of this work is to estimate the effectiveness of stimulation for different electrode configurations. The stimulating threshold of the mono-polar configurations with a grounded electrode far away from the stimulating one is much higher than the one of the bi-polar one.
Symmetrical configurations including tripolar and penta-polar, which creates a more focal field than with asymmetrical mono-polar or bi-polar configuration stimulation, also requires lower stimulation thresholds than the mono-polar or bi-polar configuration ( Figure 5-7) . The threshold of penta-polar array is lowest. This is advantage of this MEA when considering chronic microstimulations, because conventional microelectrodes allow injecting only small currents to avoid electrode or tissue damage [49] [50] [51] .
During the modeling for the different space between the electrodes, larger space displayed a little higher threshold. Therefore, decreasing the space between the stimulating electrode and the grounded one in a certain range can also decrease the stimulating threshold and lead to a more efficient stimulation.
The optimal stimulating position is not the point facing to the hillock and initial segments. Since the potassium and sodium conductance densities is ten times larger than the standard value, the stimulation with the MEA, which tip of the stimulating electrode points to the hillock and initial segment, maybe efficient. In reality, this guess is wrong. In the modeling study, the smallest threshold appears in the condition that the stimulating microelectrode was pointed to the center of the soma. This phenomenon can be explained as follows: whether the action potential can be active or not depend on the activating function, which is the second derivative of the extracellular potential along the neuron. If the function is larger than zero, the action potential will be active, and if not, it will not. Therefore, when the stimulating electrode is exactly facing the hillock and initial segment, the activating function in the domain almost equals to zero and the large ion conductance densities cannot work.
The results for the relation between the threshold and the distance from the axon to the MEA show that the smaller the distance is, the lower the threshold is. Furthermore, the results illustrate how large the domain where the excited neurons exist is when a given stimulating potential is applied, which is valuable to the selective stimulation.
